Abstract Relative quantification of in vitro gene expression using real-time PCR requires stably expressed reference gene for normalisation. In this study, total RNA from MCF7, HCT116 and HepG2 cells were extracted and converted to cDNA using commercially available kit, and real-time PCR was then performed to analyse the expression levels of twelve reference genes to select the most ideal reference gene for accurate normalisation in gene expression study. geNorm and NormFinder software were used to analyse the stabilities of the reference genes, which showed a wide range of C t values. The geNorm analysis showed the following ranking for stability of genes:
Introduction
Real-time PCR has become the preferred tool for accurate quantification of gene expression to provide a better understanding of gene function in biological sciences Jian et al. 2008 ). This technology has many advantages over conventional transcript quantification methods such as Northern blot analysis, ribonuclease protection assays and in situ hybridisation (Vandesompele et al. 2002; Garson et al. 2005) . The advantages of this technology include high sensitivity, high speed, wide dynamic quantification range and high throughput. However, several considerations such as starting target material, PCR efficiency and inter-sample variation still need to be taken into account when performing gene expression analysis using real-time PCR (Ginzinger 2002; Vandesompele et al. 2002; Bustin et al. 2005) . Moreover, normalisation of target gene expression with a reference gene is absolutely necessary for eliminating sampling difference and identifying accurate gene-specific variation (Vandesompele et al. 2002) .
Several genes, including glyceraldehyde-3-phosphate dehydrogenase (GAPDH), b-actin (ACTB), b-2-microglobulin (B2M), cyclophilin, 18S rRNA and ubiquitin, have been used as references for gene expression studies (de Kok et al. 2005; Jian et al. 2008) . These genes play crucial roles in regulating and maintaining basal cellular functions in cells and tissues (de Kok et al. 2005) . They are expected to act as endogenous controls as they are consistently expressed in samples tested (Bustin 2000; Jung et al. 2007; Jian et al. 2008) . However, studies have reported that the expression levels of the reference genes may vary among cells and tissues (de Kok et al. 2005) . Variability may also occur when cellular signalling pathways and basic cell metabolism are disturbed (Singh and Green 1993) . In addition, the expression of these reference genes may be influenced by experimental conditions (Thellin et al. 1999; Selvey et al. 2001; Tricarico et al. 2002; Arukwe 2006; Valenti et al. 2006; Tanic et al. 2007 ), drug and hormone treatments (Bustin 2000; Gorzelniak et al. 2001; Huggett et al. 2005 ). Therefore, appropriate reference genes need to be identified and validated for every experimental design. Indeed, several studies have provided evidence that the common practice of using single reference gene for normalisation has led to inaccurate or biased target gene expression profiling (Tricarico et al. 2002; Vandesompele et al. 2002) . Therefore, the geometric mean of multiple reference genes should be carefully selected as the internal controls for accurate and reliable normalisation in gene expression study using real-time PCR (Vandesompele et al. 2002) . The use of the geometric mean controls for possible outlying values and differences in abundance between the different genes. Therefore, the geometric mean should be used, instead of the arithmetic mean, for accurate and reliable normalisation in gene expression study.
In the present study, the expression profiles of twelve reference genes (GAPDH, TUBB, PPIA, ACTB, YWHAZ, RRN18S, B2M, UBC, TBP, RPLP, GUSB and HPRT1) in MCF7, HCT116 and HepG2 cells were determined and evaluated using real-time PCR. Thus far, the suitable reference genes for reliable normalisation using these cell lines have never been reported. MCF7, HCT116 and HepG2 cells were used in this study because they are the most widely used human cancer cell lines for in vitro gene expression study (Krishnan et al. 1994; Zajchowski et al. 2001; Fukuda et al. 2003; Gao et al. 2006; Su et al. 2008; Dong et al. 2010 ). The expression stability of genes and the optimal number of the reference genes required for accurate normalisation in this study were assessed using geNorm (Vandesompele et al. 2002) and NormFinder (Andersen et al. 2004) . To further assess the stability of the selected reference genes in a formal experiment, MCF7, HCT116 and HepG2 cell lines were subjected to treatments with a DNA demethylating agent, 5-aza-deoxycytidine (5-aza-dC), and a histone deacetylase inhibitor, Trichostatin A (TSA). The 5-aza-dC has been widely used to treat leukaemia (Rivard et al. 1987) , and TSA has been suggested as a new target for the therapy of lung cancer (Huang et al. 2003 ). We present a practical approach to identify multiple reference genes out of twelve candidates with the most stable expression for a reliable gene expression profiling study using MCF7, HCT116 and HepG2 cells.
Materials and methods
Culture of MCF7, HCT116 and HepG2 cells MCF7 (ATCC no. HTB-22), HCT116 (ATCC no. CCL-247) and HepG2 (ATCC no. HB-8065) are human breast adenocarcinoma, colon carcinoma and hepatocellular carcinoma cell lines, respectively, available in our laboratory. All three cell lines were grown in Dulbecco's Modified Eagle's Medium (DMEM, Gibco) containing L-glutamine, 4.5 g/L D-glucose and 110 mg/L sodium pyruvate, supplemented with 10% foetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco). The cell lines were maintained at 37°C with 95% humidity and 5% carbon dioxide. After reaching 90% confluence, the cells were detached from the culture flasks, and RNA was extracted as described below.
Extraction of total cellular RNA Cells were detached from culture flasks using trypsin-EDTA (Gibco) and collected into a centrifuge tube. The number of cells was counted prior to centrifugation. Total RNA was extracted from 1 9 10 6 cells with the RNeasy total RNA kit (Qiagen), according to the manufacturer's instruction. RNase-Free DNase I (Qiagen) was applied to eliminate any contaminating genomic DNA. The yield and purity of the total RNA was assessed by measuring the absorbance of the sample at OD 260 and OD 280 using the BioPhotometer Plus (Eppendorf). Additionally, the integrity and size distribution of the total RNA were verified by electrophoresis on an ethidium bromide-stained 2% agarose gel. The extracted total RNA was then used for cDNA synthesis as described below.
Synthesis of cDNA
The first strand of cDNA was synthesised from the extracted total RNA using the RevertAid TM H Minus First Strand cDNA Synthesis kit (Fermentas) and a MyCycler Thermal Cycler (Bio-Rad). First, 1 lg of total RNA was added to a primer mix consisting of 50 lM of oligo(dT) 18 and 50 lM of random hexamers. The mixture was brought up to 12 lL using DEPC-treated water and was then incubated at 65°C for 5 min. The reaction was then initiated by adding 4 lL of 59 reaction buffer, 1 lL of RiboLock TM RNase Inhibitor (20 U/lL), 2 lL of dNTP mix (10 mM) and 1 lL of RevertAid TM H Minus M-MuLV Reverse Transcriptase (200 U/lL), incubated at 25°C for 5 min and followed by incubation at 42°C for 1 h. The reaction was terminated by incubation at 70°C for 5 min. The concentration of the reaction was then diluted to 25 ng/lL, and an aliquot was used for real-time PCR. The success of cDNA synthesis and genomic DNA contamination were assessed with GAPDH gene primers for conventional PCR. The cDNA was then used for subsequent relative quantification.
Design of PCR primers for reference genes
Primers for the twelve reference genes (GAPDH, TUBB, PPIA, ACTB, YWHAZ, RRN18S, B2M, UBC, TBP, RPLP, GUSB and HPRT1) used in this study were obtained from the Human Endogenous Control Gene Panel, developed by TATAA Biocenter (Table 1) . According to the manufacturer, these primers were designed to span exon boundaries and were optimised to reduce the amount of primer-dimer formation during the PCR reaction.
Quantitative real-time PCR Quantitative real-time PCR was performed using the ABI PRISM 7000 Sequence Detection System (SDS, Applied Biosystems). Each sample was run in triplicate in a 96-well reaction plate (Axygen Scientific). Five serial dilutions of each transcript were used to construct a standard curve for each reference gene to determine the amplification efficiency. For each primer pair, control containing no template and control DNA was processed in parallel to detect positive reaction and possible cross contamination, respectively. Each reaction was performed in a 25 lL volume containing 12.5 lL of Power SYBR Green I Master Mix (Applied Biosystems), 1 lL of specific primer (TATAA Biocenter) and 1 lL of the 1:2 diluted cDNA template. Cycling was performed using the default settings of the ABI PRISM 7000 SDS software 1.0 as follows: 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 10 s at 95°C and 1 min at 60°C. Melting curve analysis was carried out immediately after the amplification, ranging from 60 to 95°C in 0.1°C increments, to verify the PCR specificity. A control reaction without reverse transcription was always performed prior to reference gene transcriptional profiling.
Analysis of reference gene expression stability
Expression stability of the twelve reference genes was analysed using geNorm ver. 3.4 (Vandesompele et al. 2002) and further validated by NormFinder (Andersen et al. 2004 ) software. For the geNorm approach, the expression stability value (M) of the least to the most stable reference gene was analysed using the cycle threshold (C t ) values generated from the real-time PCR. The C t values were converted into relative quantities before analysis was done using the geNorm software. A chart displaying the M values of the reference genes during stepwise exclusion of the analysis was then shown. The optimal number of the reference gene for normalisation was also determined using the geNorm software, where the pairwise variation (V) between 2 continuous normalisation factors containing an increasing number of reference genes was calculated. A large variation indicated that the reference gene had significant effects and should preferably be included for the calculation of a reliable normalisation factor (Vandesompele et al. 2002) . A cut-off point of 0.15 was recommended by Vandesompele et al. (2002) for this analysis. The NormFinder approach was used to further evaluate the expression stability of the reference genes analysed using the geNorm approach. The NormFinder approach compared the variation of every reference gene in different groups by calculating both intra-and inter-group expression variation and then ranked the reference genes, according to the reference gene stability (Andersen et al. 2004 ).
Treatment of the cells with drugs MCF7, HCT116 and HepG2 cells were separately plated at a density of 1 9 10 4 cells per well in a 24-well plate and allowed to recover for 24 h in DMEM supplemented with 10% FBS. For the first experiment, the cells were treated with 10 lM 5-azadC (Sigma) for 96 h. After that, cultures treated with 5-aza-dC were either co-treated with dimethylsulfoxide [DMSO (Sigma), as control] or 100 ng/mL TSA (Sigma) for another 24 h for the second experiment. On the fifth day, all cells either treated with 5-aza-dC alone or with 5-aza-dC and TSA were harvested. Both 5-aza-dC and TSA were prepared by dissolving the drugs in DMSO and diluting with fresh DMEM supplemented with 10% FBS. Controls for each cell line were seeded at the same cell density and similarly treated with only DMSO. After the treatments, total RNA was extracted, converted into cDNA and used for the quantitative real-time experiment as described above.
Statistical analysis of data
The Mann-Whitney U Test was used to analyse the significance of differences between the control and drug-treated groups using SPSS 18.0 software. A p value of \0.05 was considered to be statistically significant. The geometric mean was calculated by transforming the C t value into quantity using the (Lyng et al. 2008 ) 150 GUSB Beta-glucuronidase Catalyses hydrolysis of b-D-glucuronic acid residues from the non-reducing end of mucopolysaccharides (Lyng et al. 2008) 165 HPRT1 Hypoxanthine phosphoribosyl-transferase I Purine synthesis in salvage pathway (Goossens et al. 2005 ) 94
The sizes of the PCR products of the reference genes were obtained from the manufacturer GenEx Light software (TATAA Biocenter), where the highest relative quantity for the reference genes was set as 1.00.
Results
The quality and purity of extracted total RNA
The ratio of OD 260/280 for all RNA samples was between 1.8 and 2.0, which indicated that the quality and purity of the extracted total RNA was adequate for subsequent cDNA synthesis. Moreover, the ethidium bromide-stained gels showed clear 28S and 18S ribosomal RNA bands, indicating that the intact RNA was of good quality ( Fig. 1) . Additionally, when PCR without reverse transcriptase was performed, no amplification was observed. This phenomenon indicated that no genomic DNA contamination existed in the RNA samples (data not shown). High quality and pure total RNA are crucial for subsequent real-time PCR experiment, as it directly determines the reproducibility and biological relevance of the outcome of the experiment. Moreover, it is essential to ensure that the extracted total RNA is free of genomic contamination. The presence of genomic DNA in a quantitative real-time PCR assay would lead to incorrect quantification of mRNA expression and therefore to erroneous results.
The expression levels of the reference genes For gene expression studies, two quantification strategies can be applied: absolute or relative. Absolute and relative quantifications produce similar analysis outcomes, although several studies have reported that relative quantification is more accurate than measuring the absolute level of a gene expression (Livak and Schmittgen 2001; Eleaume and Jabbouri 2004) . In our effort to select suitable reference genes for relative quantification study, the transcriptional profiling of the reference genes in MCF7, HCT116 and HepG2 cells showed that the reference genes had overall mean C t values ranging from 14 to 24, except for RRN18S, which was the most abundant and had a mean C t value of less than 10 (6.52 ± 0.72; Fig. 2a ). On the contrary, TUBB was the least abundant, with a mean C t value above 20 (23.02 ± 1.72). Other C t values of the reference genes obtained were very similar across the cell lines, indicating low transcriptional variability of these reference genes in the cell lines (Fig. 2b) . Visualisation of single peak in the melt curve analysis showed the specificity of each reference gene amplification (data not shown). Standard curves generated from 10-fold serial dilutions for each reference gene in MCF7, HCT116 and HepG2 cells gave correlation coefficients greater than 0.98 and efficiencies greater than 90%. These reaction efficiencies were then used to transform the C t values into raw data for subsequent expression stability analyses using the geNorm and NormFinder software.
The expression stability and optimal number of reference gene geNorm analysis was then performed, according to the protocol described by Vandesompele et al. (2002) to determine the expression stability value (M) of the twelve reference genes in the MCF7, HCT116 and HepG2 cells. The geNorm analysis relies on the principle that the expression ratio of two ideal reference genes is constant in all samples regardless of the experimental condition and cell type (Vandesompele et al. 2002) . In general, the M values of the twelve reference genes were ranked as follows: UBC,
A reference gene with a lower M value is more stable in expression, whereas a higher M value indicates less stable expression of the reference gene (Vandesompele et al. 2002) . The M value showed non-significant differences from the most stable to the least stable of the reference genes in this analysis. As shown in Fig. 3a , when the M values for all reference genes in MCF7, HCT116 and HepG2 cells were pooled together, the M values of UBC and YWHAZ were the lowest, followed by RPLP and TBP, while the M value of RRN18S was the highest, demonstrating that UBC, YWHAZ, RPLP and TBP had the most stable expression and that RRN18S was the most variable. The optimal number of reference genes that should be used for a reliable normalisation of gene expression was then determined using geNorm software. In this case, the normalisation factor (NF n ) was calculated based on the geometric mean of the expression level of the best reference gene, as suggested by Vandesompele et al. (2002) . The pairwise variations V n /V n?1 between the two sequential normalisation factors (NF n and NF n?1 ) was used to determine the necessity of adding the next reference gene for a reliable normalisation. A large variation indicates that the added gene has a significant effect and should probably be included for calculation with a reliable normalisation factor (Vandesompele et al. 2002) . As shown in Fig. 3b , the two most stable reference genes, UBC and YWHAZ, were found to be sufficient for accurate normalisation. The inclusion of an additional reference gene for the normalisation would not have any significant effect because V 3/4 showed the same value as V 2/3 , and the value was much lower than the cut-off value of 0.15 as suggested by Vandesompele et al. (2002) .
NormFinder analysis was then performed to validate the outcomes of the geNorm analyses. The NormFinder approach calculates the M value based on simultaneous estimation of the overall expression variation and variation between subgroups, including intra-and inter-group variations of the reference gene (Andersen et al. 2004 ). As described above, the M value indicated the expression stability, and generally, a gene with a lower M value had higher expression stability. Table 2 shows the ordered arrangement of the M values for the twelve reference genes in MCF7, HCT116 and HepG2 cells as calculated using NormFinder. NormFinder analysis listed Fig. 3 a Average expression stability (M value) of the reference genes analysed using geNorm software. The M value during stepwise exclusion analysis excluded the least stable reference gene (left) to the most stable reference gene (right). b Pairwise variation (V) analysis between two sequential normalisation factors with stepwise exclusion of the most stable reference gene determined the number of reference genes to use for normalisation. V = 0.15 was used as a cut-off threshold value. Based on the pairwise variation, V2/3 = 0.011 indicated that two most stable reference genes were sufficient for accurate normalisation in this study UBC and YWHAZ among the top four most stably expressed reference genes. This confirmed the results of the geNorm analyses, which suggested that UBC and YWHAZ were the two most suitable reference genes for studies using the above mentioned cell lines.
The stability of the selected reference genes post drug treatments
The stability of UBC and YWHAZ in MCF7, HCT116 and HepG2 cells was further validated by subjecting the cell lines to treatments with a DNA demethylating agent, 5-aza-dC, and a histone deacetylase inhibitor, TSA. These two drugs play important roles in the study of epigenetic aberrations, and their contribution to malignant transformation and progression of cancer are well demonstrated (Dobosy et al. 2007 ). An ideal reference gene, according to the previous study, should have minimal variation in gene expression across different experimental conditions or treatments (Bustin 2000) . Indeed, our results showed that the geometric means of the mRNA levels of UBC and YWHAZ in MCF7, HCT116 and HepG2 cells were not significantly different in the 5-aza-dCtreated group compared to the control group (Fig. 4a) . Similarly, treatment of MCF7, HCT116 and HepG2 cells with 5-aza-dC ? TSA did not significantly alter the geometric means of the mRNA levels of UBC and YWHAZ when compared to the control group (Fig. 4b) . This result indicated that UBC and YWHAZ were the stable reference genes in MCF7, HCT116 and HepG2 cells and were not influenced by the drug treatments to be used in our future studies.
Discussion
Our study shows the following: (1) the quality and purity of total RNA extracted from MCF7, HCT116 and HepG2 cells using the commercially available kit; (2) the expression levels of twelve reference genes determined in the above cell lines using realtime PCR; (3) the expression stability of the reference genes in the above cell lines analysed using geNorm and NormFinder; (4) the optimal number of reference genes required and the most suitable reference genes for reliable normalisation of gene expression using the above cell lines; and (5) the stability of the selected reference genes in a formal drug treatment experimental design. Overall, our study demonstrates that UBC, YW-HAZ, RPLP and TBP, were the most suitable reference genes to be used for gene expression studies using MCF7, HCT116 and HepG2 cells. Although GAPDH and ACTB are used as reference genes in most in vitro studies using these cell lines (Bracke et al. 1993; Tanic et al. 2007; Cicinnati et al. 2008; Mori et al. 2008) , these two reference genes did not exhibit stable expression levels across MCF7, HCT116 and HepG2 cells, as demonstrated by our current results as well as previous studies (Schmittgen and Zakrajsek 2000; Gorzelniak et al. 2001 ). The GAPDH and ACTB genes are variably expressed when subjected to serumstimulation (Schmittgen and Zakrajsek 2000) and hormone treatments (Gorzelniak et al. 2001 ). The expression of GAPDH is also regulated differently in various human cancer tissues such as breast cancer, prostate cancer, pancreatic adenocarcinoma and bladder cancer (Rondinelli et al. 1997; Schek et al. 1988; Revillion et al. 2000; Ohl et al. 2006) . Variable expression of GAPDH in different experimental conditions may be due to its multiple participation in cellular processes, including as a component of glycolytic pathway (Jian et al. 2008) . Additionally, the ACTB mRNA is abundantly expressed but less stable in most cells types (Bustin 2000) . This gene encodes for a cytoskeleton structural protein, and it has also been shown to exhibit variations in transcriptional levels in response to different experimental conditions in certain tissues (Carlyle et al. 1996; Foss et al. 1998; Krussel et al. 1998) .
Taken together, these data suggest that the use of a single reference gene for normalisation could lead to relatively large errors (Tricarico et al. 2002; Vandesompele et al. 2002) . Hence, this study was designed to identify two or more reference genes for more accurate normalisation. Our results showed that two reference genes, UBC and YWHAZ, were sufficient for reliable normalisation when using these cell lines. The inclusion of a third reference gene (RPLP) for the normalisation would have no significant effect as indicated by the V 2/3 value of 0.011, which was negligible compared to the cut-off point of 0.15, as recommended by Vandesompele et al. (2002) . The high stability of UBC and YWHAZ and the insignificant change in the normalisation factor even if a third reference gene was included are evidence that these two reference genes only were required for accurate gene expression normalisation in the cell lines tested.
Moreover, additional data from drug treatments also demonstrated that the expression levels of UBC and YWHAZ were relatively stable under the treatment conditions, suggesting that UBC and YWHAZ are suitable as reference genes in a wider range of experiments to study gene expression in MCF7, HCT116 and HepG2 cell lines. However, it must be noted that the stability of the two reference genes proposed in this study should be properly validated in other experimental designs when treatment agents besides 5-aza-dC and TSA are used.
Conclusion
Our study identified UBC and YWHAZ as the two most suitable reference genes among the twelve investigated once in this study using geNorm software. These two reference genes are sufficient for reliable normalisation of gene expression using the MCF7, HCT116 and HepG2 cell lines. Additionally, they were among the top-ranked reference genes analysed by NormFinder software and exhibited relatively stable expression even after 5-aza-dC and TSA treatments. Thus, UBC and YWHAZ are suggested for use as reference genes in gene expression studies using MCF7, HCT116 and HepG2 cell lines. However, proper validation of suitable reference genes for other experimental conditions remains necessary.
